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This paper explores the opportunities of digital fabrication with concrete (DFC) to improve structural efficiency
and achieve sustainable construction. Efficient structural solutions that drastically reduce material consumption
can be achieved by ensuring direct load flow and placing material where needed. More than 50 % of material
savings can be achieved by using flanges or hollow sections, providing continuity in beams or slabs, reducing the
span of structures or using structural systems such as arches, trusses or deep beams. These concepts are not fully

exploited as they often require expensive and complex formwork. DFC tackles the latter point, as it promises to
produce complex geometries, minimising extra effort, cost, or waste. The paper discusses the optimisation po-
tential of DFC for several structural elements and presents existing applications that demonstrate this potential.
Five case studies of different technological approaches are discussed in detail, highlighting advantages and
disadvantages to be addressed for widespread adoption.

1. Introduction

Faced with the current climate crisis and the significant contribution
of the building sector - accounting for 37 % of energy-related CO5
emissions [1] - the construction industry must implement more envi-
ronmentally friendly practices. These new practices are particularly
necessary in the context of a growing global population, increasing
living standards, and ageing infrastructure that will keep pushing con-
struction activity. The environmental impact of any structure depends
on four key factors: (i) the impact of the construction material per mass,
(i) how much of this material is required to create a usable space, (iii)
the amount of usable space needed for its intended purpose, and (iv) the
overall service life ([2] adapted from [3], see Fig. 1.1).

Presuming that current living standards shall be maintained, sus-
tainability in construction is thus achievable through (i) using materials

with minimal environmental impact, (ii) maximising the efficiency of
the structures (build more with less), and (iii) ensuring a long service life
and circular practices. While discussions for a more sustainable future in
construction focus on construction materials, the potential lever of
building more with less has received comparatively little attention.
However, the sustainability of construction can be drastically enhanced
by implementing structural systems that minimise material consump-
tion overall or facilitate the use of sustainable, lower-strength materials
without sacrificing structural performance. Such structural systems are
referred to as material-efficient, resource-efficient, or just structurally
efficient.

In addition to the levers of material and structure, manufacturing
techniques must be considered to reach sustainable construction [4].
Naturally, these levers are interrelated: Advancements in concrete or
reinforcement material technology directly lead to possible or necessary
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adaptations of the structural concrete element dimensions as well as
respective manufacturing processes.

While advanced knowledge and tools for designing efficient struc-
tures are readily available, manufacturing these structures is chal-
lenging, as they often require expensive and complex formwork. Digital
fabrication with concrete (DFC) might overcome this lacuna regarding
concrete structures. DFC is an overall term for new technologies to
produce concrete structures with innovative and minimal, or even
without any formwork, promising to produce complex geometries
without (much) extra effort, cost, or waste [5]. However, to date, most of
these technologies have not lived up to that promise, as (i) the used
materials typically have a higher environmental impact than those used
in conventional processes [3] and (ii) the use cases are mainly limited to
structures with little optimisation potential, such as walls [6]. However,
the field of DFC is still young, and the technologies are under develop-
ment. Therefore, exploring all the possibilities of the new technologies is
crucial to best inform new developments.

This paper explores the opportunities and challenges of DFC in
achieving sustainable construction by building with higher structural
efficiency and lower material use. While a wide range of materials are
involved in construction (insulation, flooring, cladding, etc.), the scope
is limited to the material efficiency of concrete structures. After an
overview of historical developments of efficient constructions, the paper
introduces general design principles and examines current DFC ap-
proaches for fabricating structural elements efficiently. The potential
and limitations of DFC are highlighted through five case studies.

2. Historical perspective on efficient concrete structures

The concrete-like materials predominantly used by the Romans
(stone, opus caementitium) could only resist significant loads in
compression, leading to the extensive use of arches and vaults [7], which
are highly efficient for compression structures under permanent loads.
However, their mass (and hence, material use) had to be increased to
ensure a state of compression for other loading scenarios. On the other
hand, beams were restricted to relatively short spans when built in
stone, as in the Greek temples. Arch and vault structures were used for
many centuries until the advent of modern high-strength building ma-
terials (concrete and steel), particularly during the 19th century. The
combination of concrete (strong in compression but comparatively weak
and subjected to large scatter in tension) with reinforcing steel (strong
and ductile in compression and tension) opened the way for more
slender designs: the thickness of arches and vaults could be reduced
since the thrust line (compressive resultant force) no longer needed to
remain inside the cross-section, and beams became available for large
spans. The introduction of prestressing further increased the achievable
spans of reinforced concrete structures. Prestressing allows compen-
sating for permanent loads and prevents cracks in most load scenarios,
thereby significantly reducing deformations.

Between the end of the 19th to the first half of the 20th century, the
new knowledge about the material and structural behaviour, together
with a very high cost (partly driven by scarcity during war times) of
building materials with respect to manual labour — which made it
possible to economically produce formwork for complex geometries —
enabled a golden age of efficient concrete structures, spearheaded by
luminaries such as Robert Maillart (1872-1940), Pier Luigi Nervi
(1891-1979), Eduardo Torroja (1899-1961), and Felix Candela

Cement and Concrete Research 185 (2024) 107645

(1910-1997) [8]. With the increase in labour costs in developed coun-
tries, such structurally efficient designs became uneconomical and were
abandoned for the sake of efficient — cheap and fast — construction (see
Fig. 2.1). Instead, geometrically simple, labour-cost-efficient, and reus-
able formwork systems, including straightforward solutions for building
systems and services, became standard. Unfortunately, this focus on
minimising manual labour led to a significant and ongoing increase in
material usage. However, there is growing pressure to increase struc-
tural efficiency as one of the levers towards more ecological structures.

3. Principles for structural efficiency

The basis for achieving structural efficiency lies in straightforward
principles: (i) ensuring a direct load transfer and (ii) placing material
with pertinent material properties where needed. While implementing
such material-efficient structures is specific to the given boundary
conditions, these principles are generally valid and will be illustrated in
the following using a series of straightforward examples. Despite that
this is essentially textbook knowledge, highlighting the tremendous
potential of structural efficiency to minimise material consumption is
worthwhile, as it is often underestimated.

A distributed load q is assumed, whereby uniform and partial loading
configurations are considered. The self-weight and second-order effects
are neglected, and only normal forces and bending moments are
considered. In all cases, the dimensions of the cross-sections are deter-
mined to reach the same magnitude of the maximum normal stress for
linear elastic behaviour and are considered constant over the length of
the element. Note that for compact cross-sections made of ductile ma-
terial, higher efficiencies could be achieved by considering plastic
bending resistances (enabling the activation of the full material strength
over the entire cross-section); this is, however, not further considered
here. Three levels of adaptation impacting the material consumption in
the structure are studied: (i) changes in the support conditions, (ii)
changes in the cross-section, and (iii) changes in the structural system.

Fig. 3.1 illustrates the effect of changing the support conditions from
(left) a simply supported beam to (centre) a clamped beam and (right)
two simply supported beams with half the span each. Clamping both
ends of the beam (b) results in hogging moments at the supports and
reduces the moment at mid-span, enabling savings of 24 % compared to
the simply supported beam. This support condition can be reached by
bending stiff connections or ensuring continuous, multi-span beams.
Reducing the span of the simply supported beam to a half (c) ensures a
more direct load transfer, resulting in only a quarter of the bending
moment for uniform load and enabling material savings of 60 %.

While changes in the support conditions cause changes in the in-
ternal actions, varying the geometry of the cross-section causes changes
in the resistance. Assuming linear elastic material behaviour, the
bending resistance of a cross-section is defined by its elastic section
modulus W and the magnitude of maximum normal stress. The bending
moment is most efficiently resisted by placing the material as far from
the neutral axis as possible, which is illustrated in Fig. 3.2: by changing
the height-to-width ratio of the cross-section from one (square section)
to two (upright rectangle), 21 % of the material can be saved (Fig. 3.2a).
Fig. 3.2b highlights the effect of different cross-section shapes, indi-
cating the change in elastic modulus W and area A compared to a
reference square cross-section. Note that the larger dimension of the
rectangular and flanged cross-sections has been chosen to correspond to
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Fig. 1.1. Environmental impact of construction works per service year and usage ([2] adapted from [3]).
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Fig. 2.1. Schematic development of concrete structures over time.
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Fig. 3.1. Structural efficiency through changes in the support conditions: cross-
section and material consumption for square beams with different support
conditions and identical load-bearing capacity.

the side length of the reference square cross-section, whereas the outer
diameter of the circular and annular cross-sections has been determined
such that the full section has the same area as the reference square cross-

section. In the flanged and annular cross-sections, the material is allo-
cated near the top and bottom, increasing the elastic section modulus W
for a given area. Consequently, reducing the total area, hence material
use, corresponds to a much less pronounced reduction of the resistance
with respect to the reference cross-section (e.g. strength reduction by
merely 15 % for a flanged cross-section and 37 % for an annular cross-
section with 50 % of the area). In contrast, in rectangular cross-
sections with reduced depth, the material is lumped near the neutral
axis, and hence, reducing the total area disproportionately impairs the
resistance (e.g. reduction by 75 % with 50 % of the area). For rectan-
gular cross-sections with reduced width, the ratio between the resistance
and the total area is constant (i.e. 50 % resistance at 50 % total area).

While for the considered example, the self-weight of the structure
was neglected, it is often dominant in real structures. Optimising the
cross-section is thus even more beneficial since the applied load and the
internal actions diminish along with the material savings. If only self-
weight is considered, the bending moment is proportional to the cross-
sectional area A. Hence, the ratio W/A is decisive. This ratio is plotted
in Fig. 3.2c. For a pure stringer cross-section (infinitesimally small
flange thickness), this ratio would be three times higher than for a
square cross-section with the same height, highlighting the efficiency of
flanged cross-sections. For real applications, a web is needed in addition
to the flanges to transmit shear forces, leading to I-cross-sections as
widely used in steel construction. When dealing with slabs rather than
beams, ribbed slabs and hollow-core slabs are well-known typologies
showing high material efficiency following that logic.
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Fig. 3.2. Structural efficiency through changes in cross-section: (a) square and rectangular simply supported beams with identical load-bearing capacity; (b) and (c)
elastic modulus W to cross-section area A, and ratio of elastic modulus of the cross-section W to cross-section area A with respect to a reference square cross-section
considering four cross-section typologies (rectangular with constant width and reduced depth, rectangular with constant depth and reduced width, annular, flanged).
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A further increase in structural efficiency can be achieved by
providing more structural depth while reducing material used by the
web (either with a narrow cross-section or a different structural system),
as illustrated in Fig. 3.3. This figure compares possible solutions
ensuring the same load-bearing capacity as the reference beam with a
square cross-section (Figs. 3.1 and 3.2). With a simply supported, very
narrow rectangular beam with a depth of L/4 (which corresponds to
around six times the depth of the square cross-section of the reference
beam), a drastic material reduction by around 83 % can be achieved.
These savings could even be enhanced by featuring a varying depth to
adapt to the acting bending moments. However, this solution would
hardly be constructible and susceptible to stability issues for the given
height-to-width ratio of around 200 to 1. However, the same load-
bearing capacity can be maintained while further reducing material
consumption by feasible material-efficient structural systems such as a
tied arch (material reduction by around 91 % under symmetric loading)
or a truss (material reduction by around 87 % under equivalent point
loads), provided that lateral stability of the compression chords is
ensured. For the tied arch under symmetric loading and the truss under
equivalent point loads, all structural elements are loaded in pure normal
forces, allowing full material strength to be used over the entire cross-
sections (without requiring plastic redistribution). However, when
considering half-span loading for the tied arch and a uniform load for the
truss, respectively, bending moments occur in the arch and the top
flange of the truss in addition to the normal forces. Even when consid-
ering these bending moments, however, drastic material reductions by
around 67 % and 73 % can still be achieved for the tied arch and the
truss, respectively.

While trusses and arches have been known to be efficient structural
systems for decades (see Section 2), the research interest in numerical
methods to optimise structures under various boundary conditions has
grown in the past few years. In particular, topology optimisation allows
the efficient arrangement of material within a given design space related
to defined performance criteria [9]. Fig. 3.4 shows examples of concrete
designs achieved with topology optimisation using different software
tools [10]. The designs obtained with these sophisticated methods
resemble traditional structural systems such as the truss and tied arch
presented beforehand, highlighting the general applicability of the un-
derlying principles of efficient material placement and direct force flow.
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Fig. 3.4. Example of structural optimisation through topology optimisation
(adapted from [10]).

More details on topology optimisation will be given in the respective
case studies in Section 5.

More complex geometries and correspondingly laborious fabrication
processes (as for the tied arch and truss shown in Fig. 3.3), need for
connections with a high performance (as for the clamped beam shown in
Fig. 3.1), or the introduction of additional supports potentially affecting
the use (as for the beam with half span shown in Fig. 3.1). Furthermore,
stability problems and second-order effects, which were not accounted
for in the considered examples, generally become more significant with
increasing structural efficiency, diminishing some potential material
savings. Therefore, the shown examples should be viewed as indicating a
general trend rather than being taken at face value.
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Fig. 3.3. Structural efficiency through changes in structural systems: cross-section and material consumption for different structural systems with identical load-
bearing capacity and depth at midspan. Left to right: simply supported beam, tied arch with symmetrical loading, truss with point loads, tied arch with symmet-
rical and asymmetrical loading, truss with distributed load. (Material consumption referred to the simply supported beam with a square cross-section shown in

Figs. 3.1 and 3.2).
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4. Opportunities of DFC towards structural efficiency
4.1. Overview of DFC technologies

In conventional concrete construction, the formwork is placed first.
Afterwards, the reinforcement is installed, and the concrete is cast.
Therefore, the form is defined by the formwork, and any complexity of
the final shape must be reflected in the formwork and partly in the
reinforcement. For complex geometries, this leads to excessive manual
labour and costs. DFC tries to rethink conventional concrete construc-
tion by automating one or multiple steps [5]. Some technologies aim to
produce elements without any formwork, while others apply non-
conventional formwork either temporarily or stay-in-place [11].

The most widely applied DFC technology is 3D concrete printing
(3DCP) or contour crafting [12], where a fine mortar is extruded from a
nozzle, fabricating an element layer by layer. Instead of extruding, the
concrete can also be automatically sprayed either in layers (Shotcrete 3D
printing (SC3DP)) or into formwork [13,14]. Non-conventional form-
work can be produced with extruded polymer 3D printing [15,16],
binder jet printing or particle bed printing [17]. Instead of providing
formwork for the entire structure, Smart Dynamic Casting (SDC) de-
scribes a slipforming process for vertical elements, i.e. columns, using
short and adjustable formwork elements [11,18]. Another type of
formwork is knitted textiles allowing straightforward production of
surfaces with double curvatures and integration of ribs and channels.
This concept was developed into KnitCrete, where a tensioned knitted
textile is sprayed with a hardening agent to obtain a stable formwork for
concrete [19]. The automation of the reinforcement production is the
basis of the Mesh Mould technology [20,21], where a complex and
closely spaced reinforcement cage simultaneously acting as formwork is
fabricated.

These technologies have been used to fabricate various structural
elements. The structural elements considered in the following are col-
umns, walls, beams (incl. single-span bridges), and slabs. It should be
noted that other structural elements or civil structures, such as wind
turbine towers [22] and foundations [23], might offer large savings
potentials. However, as there are limited examples of such structures,
they are not be considered further. Additionally, joining - especially for
prefabrication - is crucial to go from structural elements to full struc-
tures. Here, DFC offers various possibilities for rethinking the geometry
and location of connections [24-27]. However, a detailed discussion of
these aspects is out of the scope of this paper.

4.2. Columns

Columns are mainly subjected to compressive normal forces.
Therefore, in contrast to elements primarily loaded in bending, the
distance of the material from the neutral axis is less relevant for the
resistance. However, bending occurs due to second-order effects and
monolithic connection to slabs or frames, which limits the slenderness of
columns. In this case, hollow cross-sections are theoretically more effi-
cient just as in girders loaded in bending. However, in contrast to steel
columns or reinforced concrete bridge piers, which are typically built
with hollow cross-sections, concrete columns in buildings are commonly
produced with full cross-sections to minimise dimensions. Hence, there
is limited structural optimisation potential in columns (despite that DFC
has been applied to produce mullions, i.e. essentially vertical beams,
with varying cross-sections and to explore new aesthetics [28,29]). At
the intersection of columns and slabs, however, DFC can be leveraged:
high hogging moments in the slab combined with the locally introduced
column reactions can lead to punching shear failure, and mushroom
slabs can be used to substantially enhance structural efficiency. While
they complicate conventional formwork, mushroom slabs have been
efficiently produced with 3DCP [30] and SC3DP [14]. A similar column-
slab transition was produced with the Eggshell technology [31].
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4.3. Walls

While columns have mainly a structural function, walls - especially in
residential housing, except for core walls ensuring horizontal stability -
must primarily fulfil other requirements, such as partitioning or thermal
and acoustic insulation. Therefore, they have limited potential for
increased structural efficiency, as other requirements are often govern-
ing. Nevertheless, the 3D concrete printing of unreinforced residential
walls - resembling unreinforced masonry - has been one of the main
applications in the industry [32,33]. The potential for structurally
demanding applications has been shown for 3DCP combined with
reinforcement and shotcreting for circular water tanks [34,35] or walls
with double curvature for increased stability produced with SC3DP [14]
and Mesh Mould [21]. However, despite these achievements, the po-
tential of DFC for increasing the structural efficiency of walls is limited
compared to beams and slabs, which are discussed in more detail in the
following sections.

4.4. Beams

As shown in Section 3, beams offer a large potential to showcase
structural efficiency. Therefore, many researchers have chosen this
structural element to explore the optimisation potential of digital
fabrication. In order to produce more efficient cross-sections (see
Fig. 3.2), 3DCP can be applied to print hollow elements reinforced either
with deformed steel reinforcement or post-tensioning. This approach
was shown for beams [36,37] and short-span bridges with constant [38]
and varying cross-sections [39]. The potential of KnitCrete for struc-
turally efficient beams was demonstrated for thin-walled beams with
integrated textile reinforcement [40]. The fabrication and structural
performance of (double-)T-beams were explored for polymer formworks
with conventional cast concrete for constant [41] as well as variable
depth [42]. A parabolic depth, i.e. following the acting moment for
uniform load, was also explored for a T-beam produced with 3D concrete
printing and conventional reinforcement [43].

In addition to the cross-section, changing the structural system from
a beam acting mainly in bending towards a system with predominant
normal forces can significantly improve the structural efficiency (see
Fig. 3.3 and Section 5.1). This approach was explored for 3D concrete
printed trusses produced with lost formwork elements combined with
conventional reinforced concrete [44], fully 3DCP trusses with external
reinforcement [45-47] and reinforcement placed between the printed
layers [48] (see Section 5.2). Similarly, the structural efficiency can be
improved by printing filaments to follow the principal stress trajectories
as shown for 3D concrete printed beams with interlayer reinforcement
[49-51] and a beam cast in particle bed printed formwork [52].
Extrapolating these principles to 3D results in complex beam geome-
tries, as demonstrated with 3DCP for a post-tensioned girder [53] and
short-span bridges [54,55]. While these explorations focused on opti-
mising the overall geometry of the beams, maintaining a rectangular
outer shape and only varying the internal reinforcement layout can also
increase efficiency [51], as highlighted in Section 5.3.

4.5. Slabs

Slabs offer the highest material savings potential, as they are the
most mass-intense elements in common buildings [56-58]. The main
potential lies in the change from a solid flat slab, where most of the
applied load can be attributed to the deadweight, towards ribbed or
waffle slabs - similar to the change in cross-section of beams.

Ribbed slabs are particularly efficient if the ribs enable a direct load
transfer, e.g. by following the principle moment trajectories. This
approach was pioneered by Pier Luigi Nervi (see Section 2) in the last
century [59] and has inspired various adaptations in DFC. The geometry
inspired, for example, the use of lost 3D concrete printed formworks
combined with conventional reinforced concrete [60] or the fabrication
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of a column slab transition with polymer formwork [41,61] (see Sections
5.4 and 5.5). Similarly, lost foam elements can be extruded and used to
reduce the weight of the slab [62,63]. SC3DP was used to fabricate
reinforced ribs directly on top of conventionally cast thin slab elements
with different support conditions [14,64,65]. While these ribs were
produced upside-down and the elements had to be turned, upstand ribs
can be directly produced in their final position. Such upstand ribs were
used for the Smart Slab [66]. This slab was produced with binder jetted
formwork and subsequent spraying and casting. A similar concept was
proposed for upstand ribs where the soffit of the slab was printed on top
of a binder jetted formwork, and the ribs were fully printed [67].
Transitioning from bending active slabs towards elements mainly
subjected to normal forces can be achieved with shells. Similar to a tied
arch (see Fig. 3.3), shells are only activated in compression, while the
tensile forces are resisted by external ties [68]. The potential of such
systems produced with DFC was showcased with binder jet printed
formwork [69,70] and automated concrete spraying [71,72].

5. Case studies

Each of the examples listed in the previous section has its potential
and drawbacks. Elaborating on each of them is beyond the scope of this
study. Therefore, in the following, the wide research area of structurally
efficient elements fabricated with DFC is highlighted in five case studies
covering the following areas: (i) increasing structural efficiency of
reinforced concrete beams, (ii) printing structurally efficient concrete
beams, (iii) improving the reinforcement layout, (iv) reaching structural
efficiency at column-slab connections, and (v) applying structural effi-
ciency through DFC to real-life projects. These case studies mainly focus
on beams and slabs as these have a large savings potential.

The savings potentials indicated for the respective case studies are
specific to the presented projects and chosen boundary conditions.
While savings can also be achieved through other means, these shown
savings highlight the potential of digital concrete to increase structural
efficiency.

5.1. Pushing the limits of optimisation for a reinforced concrete girder

Using new materials with a reduced environmental impact, max-
imising the efficiency of the structures and developing novel fabrication
technologies are interrelated levers towards resource-efficient concrete
structures [4]. Advancements in concrete or reinforcement material
technology directly lead to possible or necessary adaptations of the
structural concrete element's dimensions as well as respective
manufacturing processes (see Section 2). Similar interrelations apply to
the use of novel digital fabrication methods such as 3D concrete print-
ing, enabling the realisation of more complex geometries but also
directly resulting in possible higher demands on used materials and
challenges within application on an industrial scale, e.g. in terms of
process stability. The realisation of an efficient structural concrete
design raises claims to minimal tolerances in manufacturing and accu-
rate material parameters, which may require approaches beyond con-
ventional structural concrete design. This aspect was part of the case
study presented in the following, which focuses on finding a particularly
resource-efficient structural concrete girder geometry and subsequently
fabricating and experimentally testing the optimised girders. Besides the
presentation of the underlying methodology and the experimental re-
sults, the findings from the manufacturing process are highlighted.

The form finding of the structurally optimised concrete girder was
conducted using topology optimisation tools, more precisely continuum-
based approaches with minimum compliance as objective and a
constraint on the volume, as well as structural layout optimisation to
minimise the total volume [73]. Primarily, the material was assumed to
be linear-elastic but not symmetric, meaning that a difference between
tensile and compressive strength was considered. From these tools, a so-
called “raw”, unprocessed design result was obtained, which was then
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translated into a structural concrete design. Within this step, strut-and-
tie models were manually searched for to determine the flow of forces
within the investigated structure, thereby facilitating the dimensioning
process. In addition, design code requirements were taken into account.
The development stages of the above-described form finding concept are
illustrated in Fig. 5.1, starting from (top to bottom) the initial design
domain (single-span girder, cross-sectional height 200 mm, depth 60
mm, span 2 m) to the raw optimisation results obtained from the
mathematical optimisation tool, the extracted structural concrete design
and finally a detailed view of the realised formwork and reinforcement
concept.

As the case study focused on finding and experimental verification of
especially resource-efficient designs rather than their optimal fabrica-
tion, the girders were conventionally cast. The materials comprised a
high-performance concrete (experimentally determined cube compres-
sive strength of approximately 90 MPa) and conventional steel rein-
forcement (experimentally determined yield strength of approximately
580 MPa and Young's modulus of 205 GPa).

The exploration of appropriate formwork solutions for voids sounded
out several materials, such as CNC-milled timber (more details given in
[74]). Satisfying results were achieved with 3D-printed PLA or CNC-
milled styrofoam wrapped with smooth tape to avoid the appearance
of shrinkage cracks. These void formwork elements were screwed onto
the formwork's base plate (Fig. 5.1-I) of the girder, which was produced
in a lying position. Another challenging aspect in the manufacturing of
the structurally efficient girder was the reinforcement concept: A welded
reinforcement cage was required, with internally placed reinforcing bars
welded to each other and externally arranged steel plates to transfer
forces within and into the structure adequately (Fig. 5.1-II). Further-
more, a fine steel mesh was wrapped around the main tensile rein-
forcement to serve as splitting reinforcement as well as around bars in
compressive zones to ensure a more uniform crack distribution (Fig. 5.1-
I11). Due to the filigree dimensions of the optimised concrete girder, high
geometrical accuracy was required for the reinforcement. The accuracy
was substantially impaired by the limited bending radii of reinforcing
bars, only gradual availability of bar diameters, and relatively high
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Fig. 5.1. Overview of development stages of a topology-optimised concrete
girder with a detail of the formwork and reinforcement concept (I - void
formwork elements produced with a CNC milling machine that are screwed
onto the base formwork plate, II — conventional reinforcing bars welded to a
steel plate shaped according to the outer edge of the girder, III - fine steel mesh
wrapped around the main tensile reinforcement).
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tolerances in the bending process and laser-cutting of steel plates. Fine-
grained concrete with a maximum aggregate size of 2 mm was used to
correctly fill the steel mesh with an opening width of only 10 mm.

Subsequent to a successful fabrication, the resource-efficient con-
crete girder was tested in a three-point bending configuration (see
application of the point load in Fig. 5.1). Compared to a full, conven-
tionally designed concrete girder, an increase in resource efficiency by
almost 40 % was achieved, measured by the savings in CO»-equivalents
(Global Warming Potential of the production of concrete and rein-
forcement) in relation to the achieved experimental maximum load. In
this context, it is particularly noteworthy that not only the load-bearing
capacity but also the stiffness of the girder could be preserved or even
enhanced while still guaranteeing failure announcement via sufficient
yielding of the main tensile reinforcement.

The presented case study proves the realisation of a concrete girder
with a significantly lower impact than a full counterpart, with more
details given in [75]. This research took a conscious step away from 3D
concrete printing due to challenges in reinforcement integration, pro-
cess stability and the appearance of the printed results. However, the
complexity of manufacturing needs to be overcome with new ap-
proaches and rethinking, e.g. in terms of conventional reinforcement
strategies. Thus, the next step is to move forward from the presented
artisanal case study towards an efficient, scalable digital, automated
design and production process: Current research comprises [76,77] the
development of an automated design tool for structurally optimised
concrete girders as well as a fully robotic production process focusing on
automated shuttering and casting. The design tool will implement a
simplified topology optimisation applicable to the industry based on a
strut-and-tie modelling approach. The manufacturing concept contains a
robot fabrication cell with one or more robots working simultaneously in
a precast plant or even on-site.

5.2. Integrating 3D printing constraints into topology optimisation:
Application to two-dimensional printed beams

While the previous case study showcased the structural optimisation
of beams with conventional fabrication approaches, this section ad-
dresses the possibilities of 3D concrete printing (3DCP) to produce
structurally efficient beams. Topology optimisation in 3DCP can adopt
various strategies, including density-based and maximum stress ap-
proaches. However, what distinguishes its application in 3DCP from
conventional fabrication methods is the need to integrate technological
constraints directly into the optimisation process. These constraints are
central to the feasibility and success of the optimised design. They can be
categorised into four broad groups, each reflecting a critical aspect of the
printing process: (i) fabrication constraints, related to the capabilities of
the 3D printing machinery; (ii) material constraints; (iii) construction
constraints, related to the assembly and transportation of printed ele-
ments; and (iv) design constraints, related to compliance with design
codes.

Several attempts have been reported to include some of these con-
straints in topology optimisation algorithms adopted for 3DCP. An
important distinction that affects the design approach is whether they
are based on (i) a three-dimensional optimisation followed by structural
element segmentation or (ii) a direct print of an optimised path
reflecting the most structurally efficient shape and laying in a plane. In
the former case, the structure is segmented into printable cross-sections
and assembled, typically by post-tensioning, to create the complete
structural element [53-55]. A greater emphasis has been placed on the
latter approach to accommodate printing constraints throughout the
development of optimisation algorithms [78-80]. This section presents a
case study consisting of the direct two-dimensional printing of a
topology-optimised beam to discuss how the fabrication constraints can
be implemented in the optimisation process [78].

In this case study, the non-symmetrical mechanical properties of the
concrete (notably different compressive and tensile strengths) were
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considered in the optimisation process. Two principal fabrication con-
straints were integrated into the topology optimisation framework,
directly associated with the characteristics of the layered extrusion
process: (i) path continuity and (ii) bond of weak interfaces. The path
continuity constraint (i) guarantees a continuous extrusion path for the
nozzle, operated by a robotic arm, and, by extension, for the concrete
filament. This factor is critical for the structural integrity of the printed
object, addressing potential flaws or discontinuities in the filament's
path that could compromise the structure's effectiveness. A different
approach was followed within the 3DLightBeam + project [50], in
which the design process included stress-driven shape optimisation to
minimise the beam cross-sectional area and bending stresses and prin-
cipal stress line design for determining anisotropic infill printing pat-
terns that align with principal stress fields. Regarding weak interfaces
(ii), Jewett and Carstensen [80] further explored the 3DCP constraints in
terms of the mechanical effects of weak interfaces between concrete
filaments, achieving designed solutions through a series of extruded
filaments that form non-overlapping cores and bonding regions.

These constraints were addressed in this case study by developing a
curve-based Biased Random-Key Genetic Algorithm. The topology
optimisation approach was employed to optimise a simply supported
solid reference beam with a rectangular cross-section of 200 x 300 mm?
and a span of 1.8 m. The algorithm optimised stress-constrained struc-
tures to produce topologies ready for implementation without the need
for post-processing. Based on this and assuming a fixed layer width of 40
mm, the algorithm provided the unreinforced solution (Fig. 5.2a) as a set
of second-order Bezier curves in compliance with the path-continuity
constraint. This solution allowed saving about 60 % in cementitious
material volume with respect to the reference solid beam. Once the
optimised shape was obtained from the algorithm, two beam specimens
were printed using a 6-axis robotic arm, having a total length of 2.1 m
and a maximum height of 320 mm, and made of 20 layers of 10 mm
each. The two beam specimens differed by the presence or absence of
steel reinforcement between layers. While the latter was used to study
the type of failure of the printed element without reinforcement, the
reinforced specimen yielded insight into the effect of reinforcement on
the ultimate bending capacity and the potential ductile behaviour
associated with the optimised shape.

Specifically, the reinforcement strategy consisted of including small-
diameter steel bars into the layer plane of the optimised concrete beams,
which has been observed to provide satisfactory bond strength [81]. In
particular, two reinforcement layers were placed, resulting in a total
geometrical reinforcement ratio of 2.5 % (referred to the concrete cross-
section of 200 x 40 mm? of the bottom chord). This reinforcement
layout derives from geometrical constraints: the reinforcing steel bars
were included in the element during the printing between two consec-
utive layers (i.e. as a minimum distance between each other), as shown
in Fig. 5.2b.

The mechanical performances of the two optimised concrete beams
(unreinforced and steel reinforced) were evaluated through a three-
point bending test (Fig. 5.2c¢). As expected, the unreinforced beam
exhibited a brittle failure when the tensile strength of cementitious
mortar was reached in the most loaded element (i.e. bottom chord
subjected to tensile stresses). Concerning the path-optimised reinforced
beam, after bottom chord tensile cracking, the interlayer reinforcement
avoided failure upon crack formation, and the load could be increased
until yielding was reached at a load of approximately 80 kN (i.e. almost
5 times higher than the unreinforced one). Globally, the bending tests
demonstrated good flexural performance of the reinforced specimen,
exhibiting a very similar load-bearing capacity (ultimate bending
moment) and ductility (see crack pattern in Fig. 5.2d) as expected in
conventional reinforced concrete elements. This result indicates that the
optimised reinforced specimen could be designed using established
conventional structural concrete design principles.

Based on this case study and recent developments in the field, it
appears that the integration of topology optimisation algorithms with
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Fig. 5.2. Design, fabrication and testing of the optimised beams; (a) printing path definition through Biased Random-Key Genetic Algorithm; (b) placement of
interlayer steel reinforcement; (c) test setup under three-point bending; (d) crack pattern of the steel reinforced optimised beam specimen.

the technological attributes of 3DCP has made significant advance-
ments, increasingly minimising the need for post-processing and
reaching significant reductions in material usage. However, the chal-
lenge of reinforcing optimised shapes persists, especially in matching the
(complex) concrete shapes precisely. This is crucial for maintaining
structural integrity and achieving the desired aesthetic and functional
outcomes. As we continue to push the boundaries of 3DCP, it becomes
imperative to investigate, through large-scale testing, whether these
optimised designs — unlike the specimen tested in this study - introduce
new modes of failure that must be considered in structural calculations.
Given that optimised shapes often feature complex intersections and
layer couplings, their behaviour under load may significantly differ from
that of entirely solid materials (e.g. moving from flexural to shear or
joint failure). Addressing these challenges is essential for advancing the
capabilities of 3DCP in structural applications, ensuring that the po-
tential for innovative design is fully realised without compromising
safety or performance.

5.3. Optimising the reinforcement layout of beams

Finite element software and analyses of the stress trajectories can be
used to optimise the quantities and positions of the reinforcement ar-
rangements in reinforced concrete components. While a targeted
placement of the reinforcement in the areas loaded in tension (according
to common numerical analyses without constraints on reinforcement
directions) in conventional formwork-based concrete construction is
only possible with an enormous amount of time and additional assembly
reinforcement, DFC opens up completely new opportunities for
manufacturing efficiency. In 3D printing processes, the reinforcement
can be automatically inserted into the concrete before, during or after
the 3D printing process [64,82].

Together with digital manufacturing techniques, software-based
optimisation methods enable iterative refinement of the reinforcement
design based on selected variables, which is particularly beneficial for

geometry-based optimisation [80]. This case study discusses a
methodical procedure for optimising reinforcement layouts based on the
determined principal stresses (Mohr-Coulomb theory), showing an
application in beams. The beam geometry is segmented into a fine mesh,
the maximum and minimum principal stresses as well as related angles
are calculated, and continuous lines are formed accordingly, indicating
the optimum layout of the reinforcing bars for each specimen and
loading setup.

5.3.1. Beams subjected to a single static load case

In the initial step of the case study, the reinforcement of 70 x 20 x
20 cm?® simply supported beams was optimised for a single symmetric
load case, equivalent to the loading of a four-point bending test setup
(Fig. 5.3a) using trajectory lines (Fig. 5.3b).

One potential solution consists of providing reinforcement following
both the principal compressive stresses (red lines in Fig. 5.3b) and
principal tensile stresses (blue lines in Fig. 5.3b). This approach gener-
ates a stiff steel structure inside the concrete that forms a highly efficient
tied arch system (see details about the efficiency of this system in Section
3). The second reinforcement approach addresses exclusively the prin-
cipal tensile stresses (blue lines in Fig. 5.3b), resulting in a reinforcement
layout that complements the compressive capacity of the concrete
(Fig. 5.1d) [51]. This case study used the former approach to design two
optimised reinforcement layouts. A beam with a conventional rein-
forcement layout was also fabricated using the same concrete and
reinforcement. The reinforcement amount was kept constant in all
beams.

The two beams with optimised reinforcement and the reference
beam with conventional reinforcement were tested until failure in a
four-point bending setup (Fig. 5.3e). The beams with the optimised
reinforcement layout showed a higher bending capacity compared to the
reference beam thanks to the force-flow-oriented reinforcement
arrangement [51]. The method presented in this case study yields the
optimal reinforcing bar layout depending on the concrete properties (e.
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Fig. 5.3. Optimisation of a concrete beam: (a)-(d) reinforcing bar optimisation using trajectory lines for a single load; (e) fabrication and load-bearing test of the
beam with optimised reinforcement; (f)-(h) consideration of loads with varying directions and positions; (i)-(k) utilisation of optimisation algorithms for con-

crete reduction.

g. compressive or tensile capacity) and type and magnitude of applied
stresses in each zone. The approach assigns reinforcing bars to critical
locations, avoids overlap, and minimises steel usage. While conventional
fabrication technologies are not well suited for the resulting complex
reinforcement geometries, novel digital fabrication processes can effi-
ciently produce such optimised reinforcement layouts. However, addi-
tive manufacturing methods, like layer-by-layer concrete printing,
present advantages and challenges such as attaching of shear reinforcing
bars and adapting the printing process to pre-placed reinforcing bars.
Various techniques have been developed to address this issue, such as
adjusting the direction of the nozzle and rotating the printed element
[64].

In the current case study, the printing layer of the concrete is
matched with the layout of the reinforcing bars by adjusting the robot's
speed and the nozzle's angle. This capability of the printing technique
not only fills the spaces between the reinforcing bars but also efficiently
acts as a spacer and supports layer-wise positioning of the reinforcing
bars. A discussion of further developments, such as Wire Arc Additive
Manufacturing of reinforcing bar layouts [83], is beyond the scope of
this paper.

5.3.2. Consideration of multiple load cases

The previous section considered a single static load case in the
optimisation. Nonetheless, the structural elements are subjected to
multiple load cases in real applications. Instead of optimising based on a
single load case, this demands a pragmatic approach that entails
determining an envelope encompassing all load combinations and
optimising based on the highest force in each element segment.

To this end, the reinforcement of a beam similar to the one analysed
in Section 5.3.1 but with different boundary conditions was optimised
for a time-dependent force in two directions using trajectory lines. The
right side of the beam is clamped, and a one-directional pin support that
exclusively carries compression is provided in the middle (Fig. 5.3f-h).
At the beginning of the loading, the high shear forces near the pin
support require shear reinforcing bars (Fig. 5.3f). As the direction of the
load reverses and the pin support lifts off, bending becomes more
prominent (Fig. 5.3g). The final reinforcement layout is obtained by
combining the required reinforcement in all steps (Fig. 5.3h) [84]. The

optimisation could save approximately 35 % of the reinforcements in
this configuration compared to a conventional design. This highlights
that the optimisation potential considering a single load case (Section
5.3.1) can only partly be exploited in real-case applications with mul-
tiple load combinations.

More details about this study can be found in [84], which details the
development of codes for computing trajectory lines, facilitating the
comparison of principal stress magnitudes and directions based on
Mohr's Circle.

5.3.3. Shape optimisation of the cross-section and reinforcement

While the focus of the previous sub-chapters was exclusively on
optimising the reinforcement, an optimisation to diminish the concrete
volume is explored in the following. Unlike the case studies presented in
Sections 5.1 and 5.2, which rely on topology optimisation tools, this
research implemented metaheuristic algorithms to optimise the
geometrical parameters of the cross-section and reinforcing bars
simultaneously. This process consists of establishing an interface be-
tween the problem definition, which includes a design-code compliant
structural analysis to estimate the load-bearing capacity, and an opti-
misation algorithm that selects the optimal parameters concerning the
selected variables and targets. This approach was used to optimise the
beam of this case study (a geometry of 110 x 20 x 20 cm® was used in
this case; see Fig. 5.3i), where the selected parameters included the
(symmetrical) cross-section geometry, stirrup distances, and the number
of flexural reinforcing bars. The detailed results in [84] show that the
optimisation resulted in an I-shaped cross-section at midspan that
transitions to a rectangular section at the supports, which yields a 30 %
reduction in concrete usage while maintaining the same load-bearing
capacity (Fig. 5.3Kk).

5.4. Efficient ribbed slab produced with polymer formwork

Slabs offer the largest savings potential in building construction as
they consume most materials (see Section 4.5). Therefore, this case
study showcases the potential of using digitally fabricated polymer
formwork in combination with conventional concrete and reinforce-
ment to construct a part of an efficient ribbed slab inspired by the work
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of Pier Luigi Nervi (see Section 2) [41,61]. The fabricated parts consisted
of beams (used for preliminary tests) and a column-slab connection
where the highest forces (hogging moments and punching shear) occur.

The slab was designed with a custom design-to-fabrication workflow:
For a slab with constant thickness, a finite element analysis (FEA)
considering linear elastic behaviour was carried out. The rib layout was
then created such that the ribs aligned with the principal moment di-
rections determined in the FEA. In an iterative process, the rib di-
mensions (thickness and height of ribs) and the rib spacing were
optimised to minimise the material consumption while maintaining
deflection limits. The reinforcement, consisting of a mesh in the solid
part of the slabs, and stirrups and several layers of longitudinal rein-
forcement for the primary ribs, was then designed. As the polymer
formwork had a thickness of only a few millimetres, special care was
given to its design: With an FEA, the formwork deformations were
assessed, and stiffening ribs and fixing features were designed to ensure
sufficient strength and formwork stiffness. Hereby, it is notable that in
contrast to previous projects applying minimal polymer formwork
[11,15,31,85], which required the use of set-on-demand concrete or
external counter-pressure measures, conventional self-compacting con-
crete without acceleration was used in this case study, causing a high
formwork pressure.

Both the column-slab connections and several rib specimens with
changing rib layouts (straight, kinked, curved) were fabricated as full-
scale prototypes and structurally tested. All specimens were con-
structed upside-down in the following manner: The first 35 mm of
polymer formwork were printed on an MDF print bed, whereby gaps for
the reinforcement mesh were left open. The reinforcement in both
orthogonal reinforcement directions was placed in these openings in two
subsequent printing pauses, after which the printing of the rib walls was
finished. The prefabricated rib reinforcement cages were then placed
inside the rib walls, as shown in Fig. 5.4a. As the column-slab connection
was designed with variable rib heights, caps were printed to close the
ribs. The ribs were then cast using standard ready-mix self-compacting
concrete C50/60 (maximum aggregate size Dyq,c = 8 mm). After removal
of the polymer formwork, conventional wood formwork frames were
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Fig. 5.4. Column-slab connection of the optimised ribbed concrete slab: (a)
construction stage with finished rib walls and inserted reinforcement cages
before printing of the caps [41]; (b) finished specimen [41]; (c) structural
testing of specimen [61]; (d) load-deformation diagram [41].
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added, and the slab between the ribs was cast using low-carbon ready-
mix concrete C25/30 (Dpqx = 16 mm). The finished specimen is shown
in Fig. 5.4b. As a reference, a column-slab connection of a constant
section was produced with an eccentrically placed reinforcement mesh
and punching reinforcement designed according to EC2, using the same
low-carbon C25/30 concrete.

The rib specimens were structurally tested in three-point bending,
exhibiting a ductile behaviour. The specimen representing the column-
slab connection of the optimised ribbed slab and the solid reference
slab were structurally tested under a single, centric load with twelve
equally spaced bearings (one per rib axis), as seen in Fig. 5.4c. The
ribbed slab exhibited very stiff behaviour in the uncracked state and a
bearing capacity almost twice as high as the solid reference slab (see
Fig. 5.4d). A flexural failure mode was observed; thus, a punching failure
was prevented.

As the concrete mass used for the ribbed slab was 40 % less than for
the solid reference slab at similar reinforcement contents, the structural
efficiency of the optimised ribbed slab was substantially superior to the
solid reference slab. The significant increase in strength and stiffness
despite the reduced concrete mass was due to the increase in static depth
and a change in cross-section, i.e. allocating more of the concrete and
reinforcement further away from the neutral axis. In this study, it was
proven that digitally fabricated polymer formwork is suitable for pro-
ducing design code-compliant ribbed slabs with a considerable increase
in structural efficiency compared to flat slabs.

However, several difficulties were identified in the production of the
specimen, the most critical being the tedious, labour-intensive removal
of the formwork; several options to reduce the demoulding time and
recycling of the polymer formwork are discussed in [61,86]. Further
challenges must be overcome for practice applicability, such as
including the connections between elements and possibly eliminating
the need to rotate the specimens into the intended orientation.

5.5. Application in practice: Bauhof Bludenz

5.5.1. Project overview

A critical development for leveraging the potential of DFC to increase
structural efficiency is the transition from research at a laboratory scale
to real-life projects. This case study presents such a project: the “Bauhof
Bludenz” recently built in Austria. The concept of this structure is to join
various types of usage, such as storage and manoeuvring areas, a
municipal nursery, and garages, under one roof covering approximately
700 m?. The roof rests on two sculptural round arches spanning 46 m: a
homage to the adjacent viaduct of the heritage Klarenbrunn factory's
canal and, simultaneously, the structure's main static and formal
element.

The initial design of the roof envisaged a monolithic slab with an
average thickness of 50 ¢m, requiring around 360 m® of concrete and
53.8 t of reinforcing steel. The dead weight of the roof would have been
around 70 % of the total load, meaning that most of the structural ma-
terial would be required to carry its own weight. Therefore, this project
provided ideal boundary conditions to explore the potential of 3DCP for
large-scale structures.

With the objective to save resources and enhance the sustainability
of “Bauhof Bludenz” by applying 3DCP, a collaboration between Tom-
aselli Gabriel Bau GmbH, Concrete 3D, gbd ZT GmbH, Baumit GmbH
and the Institute for Structural Design from TU Graz was formed. With
the support of TU Graz, a ceiling system was designed to save nearly 30
% of resources, using a similar system as proposed in [60]. The system
consisted of customised 3D concrete printed void elements combined
with conventional reinforced concrete ribs. The customisation of the
void elements allowed the production of ribs following the flow of
forces. Furthermore, the use of cementitious elements will enable
straightforward recycling at the end of the building service life without
excessive energy use.
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5.5.2. Design and construction

To effectively design the slab considering the span and support
conditions, the orientation of the ribs was chosen to follow the principal
linear elastic moment trajectories of a monolithic slab. This process
resulted in optimised and visually appealing rib orientations. Subse-
quently, the roof structure was pre-designed in accordance with relevant
standards (such as EN1992-1-1 with Austrian national annex). This
involved determining the required concrete compressive strength and
reinforcement ratios.

A critical design element was the size and production of the void
elements. Initially, preliminary objects were printed to determine the
maximum size and weight of the elements. Subsequently, the geometry
of the void elements was optimised considering various criteria, with
printability, logistics and on-site handling as key factors. To ensure that
the elements are printable with the available system, the stability of the
elements during the print process, as well as the ideal printing speed and
resulting accuracy, were determined first. Regarding logistics, the goal
was to minimise the number of deliveries to the construction site
without resorting to costly specialised containers but using conventional
stacking pallets instead. Depending on the size of the elements, a fully
loaded transport inclusive low loader was able to transport approxi-
mately 120 elements without any special permit for the transport height.
Finally, the element weight was limited to 80 kg to facilitate manual
handling, i.e. minimise time-intensive crane operations. Determining
shape, size, weight, and arrangement of all elements accounting for
these criteria was an iterative process requiring close collaboration of all
stakeholders.

After the final definition of the geometry, the print paths were
generated, and the void elements were prefabricated in batch operations
lasting up to 52 h (see Fig. 5.5b). Printing time per void element ranged
between approximately 20..45 min, depending on size. Around 35 ele-
ments were printed before rotation/storage operations could commence
(approximately every 8-10 h). Subsequently, there was a brief pause for
cleaning the system before resuming production. In total, 792 elements

"
=

=
-
Ny

i

-

T
.

N
3
)

Cement and Concrete Research 185 (2024) 107645

were printed with a printing path length of 210 km.

The 3D printed elements function as voids, serving both to minimise
the weight of the slab and, due to their design based on force distribu-
tion, as directional elements guiding the reinforcement. The construc-
tion process was roughly as follows: After placing conventional flat slab
formwork, the positions of the 3D elements were surveyed using a total
station and CAD data and marked using anchor bolts. Subsequently,
each element was lifted onto the formwork and placed either by crane or
manually in its predefined position. One of the main challenges was the
placement and alignment of the reinforcement. The reinforcement cages
were fabricated on-site. Longitudinal bars for smaller radii towards the
corners were chosen with a maximum diameter of @12 mm to facilitate
on-site bending into the necessary position. The finished reinforcement
cages were lifted onto the formwork and placed between the voids (see
Fig. 5.5b). Based on preliminary studies, the 3D printed concrete could
be accounted as concrete cover of the reinforcement. Therefore, cover
spacers were only required towards the bottom of the roof. In the
transverse direction, the reinforcement was then manually inserted. As
the void elements were produced with the necessary slope of the top of
the slab, the upper reinforcement layers could be directly placed on the
voids or reinforcement cages. Finally, the ribs (space between the voids)
and the top slab were cast with conventional concrete (C30/37).

With a tight timeline of 6 months from planning to execution, the
project schedule was demanding. The entire project team worked tire-
lessly to ensure timely completion. Ultimately, the project could be
finished on time, and both the client, tenants, and the project team
including the construction company, 3D printing, structural engineer-
ing, and architecture, were thrilled with the design and achieved savings
(see Fig. 5.5¢).

5.5.3. Material efficiency

The goal of improving the material-efficiency has been successfully
achieved in the construction project with a reduction of 380 tons of
concrete and reinforcing steel. With a total area of 717 m? and

(@

Fig. 5.5. Construction project “Bauhof Bludenz”: (a) structural design; (b) printing of one void element; (c) reinforcement placement on-site; (d) finished roof

(copyright: Janosch Schallert, Native Media GmbH).
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dimensions measuring 46 x 14 m? the ceiling details exemplify this
commitment to resource efficiency. Through innovative design and
optimisation, significant savings compared to the reference project were
realised, with a reduction by 38 % in concrete material usage, 36 % in
reinforcing steel material usage (reflecting the weight savings as well as
the efficient directions of ribs and thus main reinforcement), and a
noteworthy decrease of 24.4 % in COy-equivalents despite the higher
relative emissions of the 3DCP elements per mass. Notably, the uti-
lisation of printed concrete amounted to 29.50 m® resulting in a void
space of 155 m®, further exemplifying the project's sustainable approach
to construction.

The system has not yet been pushed to its limits, but it has demon-
strated that significant material savings are possible with the help and
proper application of new technologies, and that such solutions can be
economically viable and result in an aesthetically convincing structure,
both in terms of overall geometry as well as surface texture.

5.5.4. Outlook

The Werkhof Bludenz project aimed to demonstrate the possibilities
and potentials achievable through well-conceived systems, the combi-
nation of knowledge, and new technologies that are already imple-
mentable. One critical aspect of the success of the project was the close
collaboration between the general contractor (Tomaselli Gabriel Bau)
and all stakeholders, as well as short communication routes. This project
yielded new insights, and the system itself is continuously being devel-
oped further. Currently, there are initial attempts to minimise on-site
installation effort and further utilise prefabrication. The structural sys-
tem itself could also be further optimised. For instance, if the project had
been executed using low-carbon concrete, there would have been even
more potential for CO, savings. The goal of the project was not to
showcase the ideal system but rather to translate research from TU Graz
[60,63] into a large-scale project, with a focus on demonstrating its
economic viability and competitiveness compared to other systems. This
objective appears to have been met and highlights the significant po-
tential of well-designed ceiling systems to use resources sparingly and
intelligently.

6. Conclusions and outlook

Developing and implementing materials with low environmental
impact, using efficient structural systems that reduce material con-
sumption, and ensuring a long service life are crucial complementary
steps towards achieving sustainable construction. While extensive
research efforts to develop eco-friendly building materials have been
made, optimising structural systems has not yet gathered the same
attention. By ensuring a direct force flow and placing material where
needed, efficient structural solutions that drastically reduce material
consumption can be achieved with relative ease. The simple examples
presented in this study, comparing beams with linear elastic material
behaviour, highlight that in order to enhance material efficiency (i)
simple solutions such as providing continuity in beams and slabs or
reducing the span of the structures are very effective; (ii) where possible,
the total height of the structure should be increased and efficient
structural systems such as arches, trusses or deep beams should be
considered; and (iii) efficient cross-sections with little material near the
neutral axis (flanged or hollow cross-sections) should be used. While
these principles are textbook knowledge and have been applied to
countless optimised designs a century ago, they are not yet fully
exploited nowadays. This unsatisfactory situation can be explained by
(i) a lack of tradition of structural engineers being involved in the con-
ceptual design phase of building structures, (ii) the underestimation of
the savings potential offered by structurally efficient solutions, and (iii)
the challenge of economically building material-optimised structures
that often require expensive and complex formworks.

This paper addressed the second point (ii) by illustrating the
tremendous savings potential of efficient structures based on simple
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examples that every structural engineer should be familiar with, and
highlighted that digital fabrication with concrete (DFC) can tackle the
third point (iii), as it comprises new technologies to produce concrete
structures that are formworkless or use innovative and minimal form-
work, promising to produce complex geometries minimising extra effort,
cost, or waste. To this end, the opportunities and challenges of DFC in
achieving sustainable construction by building with higher structural
efficiency and lower material use were explored in some detail.

Several approaches to applying DFC for structurally efficient rein-
forced concrete elements were explored, focusing on slabs and particu-
larly beams due to their large optimisation potential. As each approach
has its advantages and drawbacks, the potential and challenges of DFC
for structurally efficient reinforced concrete elements were highlighted
in five case studies. These studies showed how to:

exploit the potential to significantly increase the structural efficiency
of reinforced concrete and the challenge of fabricating such complex
elements,

- partly overcome these fabrication constraints by fabrication-aware
optimisation with direct 3D concrete printing of truss structures
with reinforcing bars between the layers,

optimise the internal reinforcement layout,

use polymer formworks for structurally efficient slab systems, and
transition from laboratory scale projects to real life construction
works with significant material savings.

While this small selection of case studies only shows part of a large
research field, it allows identifying the potential of DFC for structurally
more efficient construction. Future research should tackle the technical
and organisational challenges of DFC to comply with construction mass
market requirements and compare them with established efficient
structural systems. In this regard, it is essential to develop processes that
integrate the possibilities of robotic reinforcement assemblies and dig-
ital concrete processing. This would enable reinforcing efficiently the
structural elements with the complex forms enabled by DFC and often
required in material-efficient structures. While the application of 3D
concrete printing to produce formworks has shown the possibilities of
the technology in real-life projects, it is essential to explore new appli-
cations where digitally fabricated concrete is used structurally in order
to exploit the full optimisation potential of DFC. Succeeding in these
developments is required to allow digital concrete to assume a crucial
role in the transition of the construction industry towards a carbon-
neutral industry.
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